Background: A method for the identification of semi-active fiducial magnetic resonance (MR)
of these markers relative to the coordinate system of the MR scanner can be measured with one-dimensional (1D) projections as established by Dumoulin 1 and others 6, 7 or by two-dimensional imaging. 8 The number of fiducial markers needed to track a tool increases with the complexity of its articulation and/or its threedimensional space. A single fiducial marker can track a single point (e.g. the tip of a tool) and two markers are needed to measure the orientation and position of a straight tool or a segment of a tool.
A larger number of fiducial markers are needed to track an articulated manipulator such as a large portion of a robotic arm, or a bendable tool such as a catheter.
When multiple passive or semi-active markers are used, it is important to unambiguously associate the received signals with the particular marker that generates them. Previous approaches included the collection of multiple 1D projections and post-processing algorithms to identify the associated markers and signals. 8 Alternatively, markers may be shaped in a specific geometry in order to measure the position and orientation of the tool; this approach, however, requires appropriate post-processing software for extracting these measurements. [9] [10] [11] An alternative way to unambiguously distinguish a specific marker out of a plurality used on an interventional device is to observe only one marker per data acquisition cycle. Then, the identification of a marker and extraction of its coordinates are straightforward and fast. In MRI this can be achieved by detuning the RF coil of the marker, deeming it MR-invisible. This has been demonstrated before, firstly by Wong et al., 6 who switched ON/ OFF marker coils to track the distal end of a catheter. Eggers et al. 12 used the same concept to alternate detuning and retuning of the marker during data acquisition to improve its visibility.
To track kinematically complex manipulators, the basis of the described approach is the above-mentioned capability of tunable/ detunable RF coils to function as operator-selected MR-visible or invisible fiducial markers. Conceptually, when computer controlled manipulators or tools are used, a solution to speed up acquisition and eliminate post-processing is to link the manipulator control to semi-active markers and selectively detune them so that only a subset of these markers becomes MR-visible. Then when a manipulator is actuated, one may need to track the motion of only a particular part or parts of the manipulator. If only markers corresponding to this or these manoeuvring part(s) of the device are tracked, then the speed of MR data acquisition and marker identification can be increased. Linking the interventional device with the MR scanner to collect specific data associated with the motion of the tool has been demonstrated before. 2, 13 In these works, the position and orientation of the imaging plane are updated on-the-fly to always include the distal end of a catheter with the catheter-driven MRI of Wacker et al., 2 or the end-effector of an articulated manipulator with the manipulator-driven MRI of Christoforou et al. 13 By linking the tool with the scanner in this fashion, only a single slice is needed to image the intervention. In this study, the manipulator is linked with the tracking system, which we refer to as the 'manipulatordriven selection'. In this work, we focus on semi-active markers that are optically detuned. With optical detuning, the resonance frequency of the coil is changed and thus detuned (i.e. invisible to MRI) by changing the resistance of a photoresistor with light that is routed into the MR scanner gantry with optical fibres. Alternatively, detuning can be performed by changing the resistance using a circuit that requires electric current transferred to the marker by means of conductive wires. Optical detuning was selected to avoid the use of conductive wires, which, in addition to possible concerns due to heating, are technically challenging with highly articulated manipulators or small-scale tools such as catheters. Studies were performed on-the-bench to evaluate the performance of the computational aspect of the framework with regard to latency and generation of the appropriate commands for controlling the visibility of the MR marker, and to assess the manipulator-driven changes in the MR visibility of the MR-compatible markers on a phantom in the MRI scanner. Although this proof-of-concept work used the kinematic structure of a particular manipulator geometry, 14 it is straightforward to adapt this approach for different kinematic structures.
| MATERIALS AND METHODS

| Manipulator-driven marker selection
The selection of which marker(s) will be localized is based on an 'actuation-to-markers' correspondence. For each actuation command to the manipulator (entailing the actuation of one or more degrees of freedom (DoFs)), there is a unique subset of markers that must be localized to track the motion of the manoeuvring portion of the manipulator. This actuation-to-markers correspondence depends on the kinematic structure of the particular manipulator. Figure 1 shows the flowchart and the algorithms of the processes for the manipulator-driven marker selection. At the manipulator control module ( Figure 1A and algorithm in Figure 1B ), for each control step J of the manipulator that corresponds to a robotStates(J + 1), the marker control routine (i) selects the subset of marker(s) that must be localized from the actuation-tomarkers correspondence and (ii) generates the N-bit word markerStates(J + 1) = X 1 X 2 X 3 …X N ; N is the total number of markers
is OFF) or is set to '0' when marker X M is MR-invisible (i.e. LED M is ON).
The actuation-to-marker correspondence is stored in a two-column text The manipulator-driven marker selection was tested using the arm of a previously described MR-compatible manipulator. The algorithm of Figure 1B was implemented for the particular kinematic structure of this robotic arm, and its operation is illustrated in Figures 3D-H . To monitor the motion of a particular DoF, the following subsets of markers were assigned per DoF: markers #1 and #2 for DoF-1, markers #3 and #4 for DoF-2 and markers #3 and #4 for DoF-3. When DoF-1, −2 and −3 were actuated, the markerStates were 1100, 0011 and 0011, respectively.
As mentioned above, for a motion involving more than one DoF, the code assigned markerStates calculated from the bitwise OR operator, e.g. when DoF-1 and -2 were actuated together, then markerStates was set to 1111.
Benchtop studies included assessing the detuning of the RF coils It is noted that, if ϕ ≠ 0 (i.e. not horizontal) then there are two options for plane assignment that prescribe (i) an oblique plane, i.e. an axial one that is rotated around the X axis to be orthogonal to the L-2 link and include both markers, or (ii) an axial thick slab to include both markers #3 and #4. In the latter case, the measured distance between markers #3 and #4 will be the projection of Δ onto the axial plane (XY) and thus must be adjusted for inclination ϕ. 
| RESULTS
On the bench, the manipulator-driven selection code performed in 100% of the trials of different robotStates on-the-fly using an MRIbased robot control software developed in-house 17 that performs the tasks of (i) selecting the appropriate set of markers for the particular commanded robotStates, (ii) cycling through this set, sequentially turning ON and OFF each one of the markers of this set, and (iii) monitoring the MR acquisition status received from the microcontroller that is communicating with the MR scanner via a TTL pulse. In all tests, the markerStates were generated with no measurable latency at the computational layer of the system, due to the multi-threaded implementation of this framework. 17 A source of latency was the response times of the photoresistor, which were measured in-house to be a rise time of 15 μs and fall times from 50 to 500 ms (depending on the particular photoresistor). The exceptionally long time (500 ms) compared to the technical specifications of this photoresistor was attributed to the suboptimal low power of the white-light LED used. However, in practice, we used a t M (timing diagram in Figure 1D ) of 50 ms and did not observe any residual signal from the detuned markers. #3 tuned = 104.67 ± 9.02 and detuned = 6.25 ± 1.71, and marker #4 tuned = 117.67 ± 11.68 and detuned = 6.33 ± 2.08. The empty space (noise) levels were nearly unaffected; when all markers were tuned, the value was 5.94 ± 1.88 and when all were detuned it was 6.13 ± 2.58.
Similarly, the SI of the phantom remained virtually the same for tuned and detuned markers at 42.31 ± 1.74 and 44.19 ± 3.90, respectively. Figure 7A were collected sequentially and depict the alternate tuning and detuning of markers #3 and #4 during the activation of DoF-3, and the graph in Figure 7B shows the SI projections in the same positions. The average SI (a.u.)
of marker #3 for the four steps was 230.50 ± 3.42 and that of marker and (6) transferring data from the MR scanner to the external computer for manipulator control and/or updating the operator interface. In this particular implementation, the above process (1) runs on a multi-threaded framework and had virtually no latency. 17 Similarly, the simple structure of markerStates and the algorithm running on the microcontroller did not contribute any latency to the system. The primary source of latency was the response time of the photoresistor, which with the specific photoresistor and light sources measured between 50 and 500 ms. As reported in the Results section, the changes in SI and the images demonstrated that even with t M = 50 ms, the markers were fully tuned and/or detuned. However, we are investigating an alternative approach with PIN photodiodes, which offer faster response times (i.e. we measure the BPV10NF model by Vishay
Semiconductors with rise/fall = 1.2 μs/1.75 ms).
The prototype setup described was designed primarily for the initial registration and tracking of the end-effector of an articulated manipulator. 13, 14 However, it is straightforward to modify the hardware and software for use with virtually any number of markers placed at any position on an articulated or bendable tool. The ability to activate markers individually, or in groups if necessary, addresses another issue, i.e. the potential spatial overlapping of signal in a case where the semi-active markers need to be placed close to each other or the tool is subject to high degrees of bending or articulation. 
